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The utilization of the photoredox catalyst, tris(2,2-bipyridyl)ruthenium dichloride, and a household light bulb to effect radical cyclizations onto
indoles and pyrroles at room temperature is reported. A reactive free radical intermediate is generated via the reduction of an activated C—Br
bond by the single electron reductant, Ru(l), generated in a visible light induced photocatalytic cycle. This system represents an expansion
of the application of photoredox catalysis in conventional free radical processes.

Concerted efforts over the past 40 years have established
single-electron transfer (SET) and the formation of radicals
as reliable processes to form new carbon—carbon bonds.* 3
Despite this prominence, there are still relatively few methods
for the generation of radicals under benign conditions. For
example, the stalwarts for radical formation have long been
the highly toxic and persistent environmental pollutants,
trialkyltin hydrides.* Furthermore, these radical initiation
systems often lack the necessary chemoselectivity and
functional group tolerance for use with highly functionalized
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substrates.® In light of these issues, and cognizant of the
broad chemical community’s interest in the development of
more environmentally benign chemical transformations,® we
have been exploring the application of photoredox catalysis
as a new means of accessing free radical chemistry (Scheme
1).”® We have recently demonstrated the ability of the visible
light activated photoredox catalyst, tris(2,2’-bipyridyl)ruthe-
nium(ll) chloride,’ to efficiently and chemoselectively act
as a single electron reductant and afford the reductive de-
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Scheme 1. Generation of Radicals Using Photoredox Catalysis
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The functionalization of indoles and pyrroles, thanks to
their abundance in biologically and medicinally active
compounds, has received much attention to date.** We were
inspired to investigate the utility of Ru—photoredox chem-
istry in the area of heterocycle functionalization by recent
developments in Mn(l11)-based malonyl radical cyclization
reactions.™** In particular, Kerr and co-workers have
recently demonstrated the utility of the oxidative generation
of malonyl radicals with Mn(OAc); for the intramolecular
functionalization of indoles, indolines, and pyrroles.* In this
letter we report the application of photoredox catalysis to
the intramolecular functionalization of substituted indoles and
pyrroles.

Upon initial investigations of reaction conditions, we
were encouraged to find that treatment of 1 with 'Pr,NEt
(2 equiv) and Ru(bpy)sCl, (2.5 mol %) in DMF under
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visible light irradiation yielded 52% of the desired
cyclization product, 2. The major byproduct, present to
varying degrees in all subsequent cyclization reactions,
is the corresponding reduced compound, 3, obtained here
in 40% vyield (Scheme 2). In the absence of any of the

Scheme 2. Initial Cyclization Result
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reaction components, Ru(bpy)sCl,, light, and/or 'Pr,NEt,
no reaction was observed.

Optimization of the reaction conditions involved the
screening of amine bases to act as a sacrificial electron donor
to reductively quench the photoinduced excited Ru(ll)*
species. To minimize the formation of the reductively
dehalogenated product, bases that do not serve as good
hydrogen atom donors were sought. Amines such as PhzN,
EtsN, DABCO, Me3N, and (HOCH,CHy)sN were all screened.
Although DABCO, Me;N, and (HOCH,CHy)3N all proved
to be effective hydrogen donors, they were poorly selective
and provided product mixtures favoring 3. Triethylamine
provided the best balance of efficient reactivity and selectivity
for the cyclization reaction over the competitive dehaloge-
nation process. Of note, the most selective reaction involved
the use of triphenylamine as an electron source resulting only
in formation of the desired cyclization product, although even
after prolonged reaction time (>48 h) only 60% conversion
(34% isolated yield) was observed.

We next applied the optimized reaction conditions, con-
sisting of the cyclization substrate in combination with
Ru(bpy)sCl, (1.0 mol %) and Et;N (2 equiv) in DMF under
irradiation by a 14 W household light bulb, to a series of
substituted indoles (Table 1). Both six- and five-membered
fused rings are possible, although five-membered rings are
more difficult to form and generally require a substituent at
C-3 to stabilize the tertiary radical resulting from cyclization.
The chemoselectivity of this photoredox system for the
reduction of activated C—Br bonds over aryl C—Br bonds
is demonstrated by entry 5. In addition, functional groups
including esters, amides, and cyano groups are all well
tolerated. Electron-rich indoles provided the desired cycliza-
tion product, and even electron-deficient indoles were modest
substrates for this reaction, providing the corresponding
cyclization product in 40% yield (entry 9).1° The reaction
also works well for the preparation of linear tricyclic systems
resulting from an endo cyclization of the malonyl radical
(entry 10).

(16) The reduced compound is also observed in the crude *H NMR,
present as an approximately 1:1 mixture with the cyclized product.

369



Table 1. Photoredox-Catalyzed Intramolecular Radical
Functionalization of Indoles and Pyrroles”
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* Reaction conditions: cyclization substrate (1.0 equiv), EtsN (2.0 equiv),
Ru(bpy)sCl, (1.0 mol %), visible light, DMF, rt, 12 h. # Isolated yield after
purification by chromatography on SiO,. ® Combined yield of regioisomers
(1:2).

We next broadened the scope of the radical functional-
ization of heteroaromatic compounds to a series of substituted
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pyrrole substrates wherein the pyrrole substrates generally
performed better than indoles.*” Again, good functional group
tolerance was observed for the cyclization reaction onto
pyrrole subunits. Furthermore, substitution at the C-2 and
C-3 positions is well tolerated. Both electron-rich and -poor
pyrroles fared well in the cyclization reaction; however,
3-phenylpyrrole, while providing the cyclization in an
efficient yield of 82%, afforded an equal mixture of two
regioisomeric cyclization products (entry 15). The a-bro-
mooxazolidinone was also an excellent substrate, affording
the cyclized product in 89% yield (entry 16). In general, the
cyclization reactions proceed more quickly for the more
electron-rich pyrroles, resulting in the formation of less of
the corresponding reduction products.

To further expand upon this methodology, we wanted to
examine the possibilty of cascade radical cyclizations using
photoredox-mediated reactions (Scheme 3). Treatment of 4'®

Scheme 3. Cascade Radical Cyclization
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under the cyclization reaction conditions resulted in the
formation of the double cyclization product 5 as a single
diastereoisomer in 79% vyield.*®

Given the observed reactivity, we propose the mechanism
outlined in Scheme 4 to account for the formation of the
observed cyclization product. Visible light irradiation gener-
ates the metal-to-ligand charge-transfer (MLCT) excited
ruthenium(I1)* species which is reductively quenched by
Et3N to generate the electron-rich ruthenium(l) complex and
the triethylammonium radical cation. The reduced ruthenium
species then acts as the single electron transfer agent and
affords selective reduction of the activated carbon—bromine
bond, generating the electron-deficient alkyl radical 6 and
regenerating the catalyst, Ru(bpy)s?*. The desired tricyclic
product is produced via an initial intramolecular cyclization
of the electron-rich aromatic species with the electrophilic

(17) For a discussion on the kinetic nucleophilicity of pyrroles, see:
Nigst, T. A.; Westermaier, M.; Ofial, A. R.; Mayr, H. Eur. J. Org. Chem.
2008, 2369. For a comparison of the rates of formylation of pyrroles and
indoles, see: Cipiciani, A.; Clementi, S.; Linda, P.; Marino, G.; Savelli, G.
J. Chem. Soc., Perkin Trans. 2 1977, 1284.

(18) See the Supporting Information for the preparation of 4.

(19) The relative configuration of the product was determined by X-ray
crystallographic analysis. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre (CCDC 748503) via www.
ccdc.cam.ac.uk/data_request/cif.
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Scheme 4. Proposed Mechanism
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radical to afford 7. The resultant benzylic radical is then
oxidized, possibly by the excited state Ru(ll)* species®® or
by bromomalonate 1, to afford intermediate 8a or 8b,
respectively. Elimination affords the aromatized product 2
along with triethylammonium hydrobromide.

(20) MacMillan and coworkers have previously postulated the oxdiation
of a-aminylradicals by the Ru(ll) excited state (see refs 10a and 10f). For
a discussion on electron recycling in catalysis, see: Buckel, W. Angew.
Chem,, Int. Ed. 2009, 48, 6779. Oxidation via the action of adventitious
oxygen or trialkylammonium radical cations cannot be ruled out at this
time.
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In conclusion, we report an efficient and operationally
simple functionalization reaction of indoles and pyrroles via
a single electron transfer process initiated by visible light
irradiation. This methodology represents a potential means
for accessing a variety of medicinally and biologically active
natural products and provides an additional example of the
utility of photoredox catalysis in the context of radical
chemistry. Further studies into the application to the total
synthesis of complex molecules as well as expanding upon
the scope of photoredox catalysis in the realm of organic
chemistry will further demonstrate its utility as a new avenue
for free radical-mediated reactions.
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